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Abstract. For a cosmological first-order electroweak phase transition, requiring no
sphaleron washout of baryon number violating processes leads to a lower bound on the
strength of the transition. The phases interface, the so-called bubble wall, velocity can
become ultra-relativistic if the friction on the wall due to primordial plasma of particles
surrounding it is not sufficient to retard the wall acceleration down to a steady speed.
This bubble “runs away” should not occur if a successful baryon asymmetry generation
due to the transition is required. Using Boedeker-Moore criterion for bubble wall run-
away, within the context of an extension of the standard model of particle physics with a
real gauge-single scalar field, we show that a non runaway transition requirement puts an
upper bound on the strength of the first-order phase transition.
1 Introduction
The universe we observe and understand is mainly made of matter and has very little antimatter
component. There are two important shortcomings of the standard model of particle physics due
to this observation – insufficient source for CP violation [1] and scalar sector interactions to allow
for a good phase transition [2, 3] at some early time of the cosmos. This is because the observed
matter-antimatter asymmetry could be due to strong first order EW phase transition (EWPT) [4, 5]
that allows for primordial baryon number and CP violating processes [6]. This mechanism is called
electroweak baryogenesis (EWBG) [7–10]. For a first-order EWPT, EWBG will work only if the
baryon asymmetry created at the expanding bubble wall is not washed out by sphaleron [11] processes
inside the broken phase. A strong enough first-order EWPT is required for EWBG to be successful.
Another consequence for a strong first-order EWPT is that it could generate stochastic background
of gravitational waves (GW) [12–15] which (see, e.g. [16] for prospects studies within the context of
the model we considered) could be detected at future satellite GW interferometers [17]. The velocity
of the expanding bubbles is one of the essential parameters that characterises the EWBG and GW
dynamics related to the transition [14, 15, 18–28]. Observable gravity waves require very strong
phase transition but this leads to fast-moving bubbles. In general, the speed of the accelerating bubble
wall can be retarded by friction due the collisions with particles in its surrounding plasma. This
way, the speed could reach a steady state after some finite time. Otherwise, if the friction is not
sufficient, it keeps increasing towards ultra-relativistic magnitudes for very strong first-order phase
transitions [29]. The latter scenario leads to the so-called “run away” of the bubble wall for which
EWBG will not work.
?Emails: abdussalam@sbu.ac.ir, l_kalhor@sbu.ac.ir, mj_kazemi@sbu.ac.ir
ar
X
iv
:2
00
1.
05
97
3v
1 
 [h
ep
-p
h]
  1
6 J
an
 20
20
So two trends can be spotted. On one hand, for EWBG to explain the matter-antimatter asymmetry
of the universe a strong first-order EWPT is required. There is no precise quantification [30, 31] for
how strong the transition must be but conventionally a certain lower limit is usually assumed, v/T > 1
where v is the vacuum expectation value (VEV) of the SM Higgs field at the transition temperature
T . Very strong EWPT, on the other hand, could yield stronger GW signals but may also lead to
the runaway scenario and conflict with EWBG. Many work have been done [16, 32–41] along these
directions and mostly focusing on the combination of imposing a no sphaleron washout condition
v/T & 1 and possibility of the GW observation. In this article we address the question: how arbitrary
large could v/T & 1 be? This is done within the context of an inert singlet [42, 43] extension of the
SM. The model parameters can readily be found capable to generate strong phase transitions with
high bubble wall velocity. We found that requiring no runaway of bubble walls, using the Boedeker-
Moore condition [29], puts an upper bound on how strong the EWPT could be. The analyses were
made using cosmoTransitions [44] package for finding transition and nucleation temperatures, and
computing the GW wave power spectra.
2 Model and analyses setup
In this section we set the model, context and notations for analysing the correlations between the
requirements for no sphalerons washout and no bubble walls runaway following the primordial elec-
troweak phase transition. The beyond the SM theory we consider is one with a scalar singlet S added
to the Higgs sector. We explore the parameter space of the model and identify regions a first order
transition occur. For the sample of parameter points generated we compute the critical and nucleation
temperatures and the GW spectrum that could arise from the EWPT.
The tree level potential with a Z2 symmetry that forbids Higgs-singlet mixing is:
Vtree(H, S ) = −µ2H |H|2 + λH |H|4 + λHS |H|2S 2 +
1
2
µ2S S
2 +
1
4
λS S 4, (1)
where
H =
1√
2
(
χ1 + iχ2
h + iχ3
)
(2)
and χ{1,2,3} are the Goldstone bosons. So, the potential in terms of the physical Higgs h and singlet
scalar S is:
Vtree(h, S ) = −12µ
2
Hh
2 +
1
4
λHh4 +
1
2
λHS h2S 2 +
1
2
µ2S S
2 +
1
4
λS S 4. (3)
The Higgs physical mass and self coupling are fixed at mH = 125 GeV and λH = m2H/2v
2 ≈ 0.129
respectively while its VEV is set to v = 246 GeV. The physical mass of the new scalar S after
electroweak symmetry breaking (EWSB) is m2S = µ
2
S +λHS v
2. The full effective potential used for our
analyses consists of three parts, namely the tree level, one-loop correction, and thermal corrections
terms as presented in appendix A. For our analyses we consider the case of µ2S positive. In this case
the symmetry of singlet is not spontaneously broken and thus we address only the one dimensional
potential along the h direction, leading to a one-step phase transition when the field tunnels through
the energy barrier between the zero minimum and the electroweak minimum. In addition, λHS and λS
were required to be positive, allowing of stable minimum of the potential energy. Hence there are three
inert single free parameters, µS , λS , and λHS which will varied simultaneously. For each parameter
space point, we used CosmoTransitions [44] for determining the critical (Tc) and nucleation (Tn)
temperatures and the corresponding Higgs field values, vc,n, at the critical point of the EWPT. Only
parameter regions with vcTc > 1 were accepted for further analyses. Next we address the characteristics
of the bubble wall velocity and gravitational waves spectrum that could arise due to the strong first-
order EWPT.
In order to analyse the EWPT bubble wall velocity, vw, and estimate the gravitational wave power
spectrum that could result from the inert singlet model, two other quantities need to be determined.
These are [17, 45] the ratio of released latent heat from the transition to the energy density of the
plasma background, α, and the time scale of the phase transition, H/β. Using of effective potential
and it’s derivative at nucleation temperature, Tn, the parameters α reads as [17],
α =
1
ρR
[
−(VEW − V f ) + Tn
(
dVEW
dT
− dV f
dT
)]∣∣∣∣∣∣
T=Tn
, (4)
where V f is the value of the potential in the unstable vacuum and VEW is the value of the potential in
the final vacuum. The time scale of the phase transition can be calculate from the derivative of the
Euclidean action at nucleation temperature [17]:
H
β
=
[
T
d
dT
(
S 3(T )
T
)]−1∣∣∣∣∣∣∣
T=Tn
. (5)
The exact calculation of the bubble wall velocity is complicated and for which there is need to consider
the interaction between bubble wall and its surrounding plasma (see e.g. [28] and references therein).
but there are approximate expressions in terms of α such as in [18]:
vw =
1/
√
3 +
√
α2 + 2α/3
1 + α
. (6)
This expression for the bubble wall velocity provides only a lower bound on the true wall velocity [24].
In this work, we use this approximation together with the expressions for α and H/β for calculating
the GW signals produced during the phase transition.
Depending on the bubble wall velocity there are two main regimes; when the wall velocity is
relativistic or not. In addition, in the relativistic regime, there are two qualitatively different scenarios.
First, if bubble wall reaches a terminal velocity (non-runaway scenario), second, the bubble wall
accelerates without bound (runaway scenario). In order to calculate the GW spectrum, it is important
to know which of the aforementioned scenarios apply. To this aim following critical alpha value, α∞,
can be used to distinguish between these scenarios [17, 46],
α∞ ' 3024pi2
∑
a ca∆m2a
g∗T 2∗
' 0.49 × 10−3
(
vn
Tn
)2
. (7)
where ca = na/2 (ca = na) and na is the number of degrees of freedom for boson (fermion) species
and ∆m2a is the squared mass difference of particles between two phases. For non-runaway scenarios,
α < α∞, the wall velocity vw remains subliminal and the available energy is transformed into fluid
motion.
Another criterion for determining whether the bubble walls runaway or reach steady speed goes
back to the in [47, 48]. The pressure on the wall come from two sources with opposite directions.
One is outwards and due to the difference in energy densities of the symmetric and broken vacuum,
Vsym − Vbr. The other is inwards and due to the pressure P from the thermal plasma of particles
surrounding the wall. For each point in the parameter space of the inert singlet model we compute the
Boedeker-Moore (BM) criterion and require that
prunaway = Vsym − Vbr − P < 0, (8)
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Figure 1. (Left) The Scatter plot of µS and λHS parameters. The Gray points represent the points which
don’t leads to first order EWPT, The black points represent the point which leads to first order EWPT but non
detectable GW, The other points represent the points which leads to detectable GW using future space-based GW
detectors; Lisa (blue), BBO (magenta) and DECIGO (green). (Right) The Scatter plot of prunaway versus vnTn . For
a successful EWBG, the following conditions must be satisfied: (i) the phase transition must be strongly first
order, i.e. vnTn > 1, and (ii) The bubble wall must not runaway, i.e. prunaway < 0. This result shows that for the inert
singlet model, the second condition is equivalent with vnTn < 5; an EWPT with
vn
Tn
> 5 leads to a runaway bubble
wall scenario.
where
P ≈
∑
i
(
m2i,br − m2i,sym
) giT 2n
4pi2
J˜i
m2i,symT 2n
 and J˜i(x) = ∫ ∞
0
y2dy√
y2 + x
1
e
√
y2+x + (−1)Fi
. (9)
Here i runs over the considered SM and inert singlet scalar particles, while gi and Fi are the particle
multiplicity and fermion number respectively.
3 Results
The scatter plots on (µS , λHS ) plane in figure 1(left) shows a sample of the inert singlet model pa-
rameter points indicating regions where the strong phase transition could lead to GW accessible to
promising future GW detectors, specifically eLISA, DECIGO and BBO [49]. Typically, the magni-
tude of the GW signal increases with the strength of the phase transition as shown in figure 2. In
figure 1(right), we show the correlations between prunaway and vnTn . For a successful EWBG the pri-
mordial phase transition must be strong first-order, i.e. vnTn > 1, the bubble wall must not runaway, i.e.
prunaway < 0. Requiring these reveals that for an inert singlet model there is an upper bound on the
strength of the first-order EWPT, vnTn < 5.
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Figure 2. Spectra of GWs from the electroweak phase transition for randomly sampled examples from the
coloured points in figure 1, i.e. the points with strong first-order EWPT. The sensitivity region for prospective
GW detectors such as eLISA, BBO and DECIGO are also shown. It can be seen that the intensity of GW signal
increases with the strength of the phase transition, i.e. vnTn . For comparison we also show the sensitivity regions
for SKA and EPTA detectors which cannot probe any part of the inert singlet parameter space.
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A Effective potential
The inert singlet model effective potential for our work is based on [50]. It is composed of the tree level
terms, Vtree(h, S ), the Coleman-Weinberg zero-temperature quantum correction terms, V1−loop(h, S ),
and thermal correction terms, VT (h, S ,T ) [51, 52]:
Ve f f (h, S ,T ) = Vtree(h, S ) + V1−loop(h, S ) + VT (h, S ,T ). (10)
The zero temperature one-loop correction [50, 53] in the on-shell renormalisation scheme with cutoff
regularisation is given by:
V1−loop(h, S ) =
∑
h,χ,W,Z,t,S
ni
64pi2
m4i (h, S ) log m2i (h, S )m20i(v, 0) − 32
 + 2m2i (h, S )m20i(v, 0) (11)
where ni=h,χ,W,Z,t,S = {1, 3, 6, 3,−12, 1} and m0(v, 0) are masses calculated at the electroweak VEV
S = 0, h = v. The field dependant masses are:
m2W =
g2
4
h2, m2z =
g2 + g′2
4
h2, m2t =
y2t
2
h2, m2χ = −µ2 + λHh2 + λHS S 2. (12)
For the Higgs and the inert scalar singlet, the field-dependent masses are the eigenvalues of the h and
S mass mixing matrix:
M2HS =
(−µ2 + 3λHh2 + λHS S 2 2λHS hS
2λHS hS µ2S + 3λS h
2 + λHS h2
)
. (13)
Lastly, the thermal correction terms in the inert singlet effective potential are [50, 53]:
VT (h, S ,T ) =
∑
h,χ,W,Z,t,S
niT 4
2pi2
Jb
m2i (h, S )T 2
 + ∑
i=t
niT 2
2pi2
J f
m2i (h, S )T 2
 (14)
where
Jb/ f (x) =
∫ ∞
0
dk k2 log
[
1 ∓ exp
(√
k2 + x
)]
. (15)
Expand to leading order in (mT )
2, the thermal corrections to the scalar masses in the inert singlet model
are can be determined as the eigenvalues of the mass matrix
M2HS +
(
Πh(T ) 0
0 ΠS (T )
)
(16)
where
Πh(T ) = Πχ(T ) = T 2(
g′2
16
+
3g
16
+
λH
2
+
y2t
4
+
λS
12
), Πs(T ) = T 2(
λHS
3
+
λS
4
), and ΠW (T ) =
11
6
g2T 2.
(17)
The corrected masses of Z-boson and and photon, γ, are the eigenvalues of the mass matrix( 1
4g
2h2 + 116 g
2T 2 − 14g′gh2− 14g′gh2 14g′2h2 + 116 g′2T 2
)
. (18)
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